Previous studies from The Gambia have shown that poor childhood growth is resistant to all but the most intense nutritional intervention and highly dependent on small bowel permeability related to enteropathy. We thus aimed to characterize the mucosal inflammatory response in rural Gambian children in relation to intestinal permeability and nutritional status. Small bowel biopsies were taken from 38 rural Gambian children (age, 0.5-3 y) with a range of nutritional and clinical states (median weight z score, Ϫ4.6; range, 0.5 to Ϫ6.4), 75% of whom had diarrhea. Morphometry was performed with immunohistochemical analysis for a range of lineage and activation markers, including proinflammatory and regulatory cytokines, and related to current clinical status and gut permeability. Comparison was made with 19 age-matched U.K. controls. All Gambian children, regardless of nutritional status, had evidence of chronic cellmediated enteropathy with crypt hyperplasia, villous stunting, and high numbers of intraepithelial lymphocytes. CD25ϩ cells were 20-fold higher than in U.K. controls. Although small bowel architecture was independent of nutritional status, T cell numbers rose and B cell numbers fell with worsening nutrition, and mucosal cytokine production became biased toward a proinflammatory response, with progressive decrease of transforming growth factor-␤ expression. Tropical enteropathy predates the onset of marasmus and is characterized by a cell-mediated T H 1 response. Protein-energy malnutrition is associated with reduction of regulatory immune responses in the mucosal microenvironment, potentially impairing the mechanisms of oral tolerance. Children from The Gambia show a pattern of growth faltering typical of deprived areas of the developing world (1-4). Growth velocity falls from 4 mo onward, so by age 2, the mean weight-for-age lies 2 SD below U.K. standards (z score, Ϫ2). Previous studies from Keneba, rural Gambia, have identified biochemical and dietary deficiencies in these infants. Despite seemingly well-targeted nutritional intervention with macroand micronutrients, growth faltering continues (5-9). Massive dietary supplementation (twice recommended values for energy, 2.5 times for protein) produced short-term catch-up growth after gastroenteritis (5), but growth acceleration reached only the population mean, still 2 SD below the U.K., and reversed as soon as the child left the refeeding study (1, 8) .
Previous studies from The Gambia have shown that poor childhood growth is resistant to all but the most intense nutritional intervention and highly dependent on small bowel permeability related to enteropathy. We thus aimed to characterize the mucosal inflammatory response in rural Gambian children in relation to intestinal permeability and nutritional status. Small bowel biopsies were taken from 38 rural Gambian children (age, 0.5-3 y) with a range of nutritional and clinical states (median weight z score, Ϫ4.6; range, 0.5 to Ϫ6.4), 75% of whom had diarrhea. Morphometry was performed with immunohistochemical analysis for a range of lineage and activation markers, including proinflammatory and regulatory cytokines, and related to current clinical status and gut permeability. Comparison was made with 19 age-matched U.K. controls. All Gambian children, regardless of nutritional status, had evidence of chronic cellmediated enteropathy with crypt hyperplasia, villous stunting, and high numbers of intraepithelial lymphocytes. CD25ϩ cells were 20-fold higher than in U.K. controls. Although small bowel architecture was independent of nutritional status, T cell numbers rose and B cell numbers fell with worsening nutrition, and mucosal cytokine production became biased toward a proinflammatory response, with progressive decrease of transforming growth factor-␤ expression. Tropical enteropathy predates the onset of marasmus and is characterized by a cell-mediated T H 1 response. Protein-energy malnutrition is associated with reduction of regulatory immune responses in the mucosal microenvironment, potentially impairing the mechanisms of oral tolerance. Children from The Gambia show a pattern of growth faltering typical of deprived areas of the developing world (1) (2) (3) (4) . Growth velocity falls from 4 mo onward, so by age 2, the mean weight-for-age lies 2 SD below U.K. standards (z score, Ϫ2). Previous studies from Keneba, rural Gambia, have identified biochemical and dietary deficiencies in these infants. Despite seemingly well-targeted nutritional intervention with macroand micronutrients, growth faltering continues (5-9). Massive dietary supplementation (twice recommended values for energy, 2.5 times for protein) produced short-term catch-up growth after gastroenteritis (5), but growth acceleration reached only the population mean, still 2 SD below the U.K., and reversed as soon as the child left the refeeding study (1, 8) .
The failure of dietary intervention to restore growth has led to search for other factors. Quantitatively the most important association identified is small bowel enteropathy (2, 4, 10) , demonstrated by lactulose:mannitol (L:M) dual sugar permeability testing (11) . This assesses both epithelial integrity (exclusion of lactulose entry through intercellular tight junctions) and absorptive capacity (passive absorption of mannitol) (12) . During a 1-y period, increased L:M ratio accounted for 40% of growth faltering in Gambian children, with growth impairment related strongly to excess paracellular permeability (11) .
"Tropical enteropathy" with villous shortening, crypt hyperplasia, and lymphocyte infiltration of both lamina propria and epithelium has been confirmed in infants from Gambia (8) and many other developing countries (2, 4, 10) . Elevation of inflammatory markers to levels that would prompt investigation for inflammatory bowel disease in the U.K. (13) is frequently seen, even in seemingly well Gambian children. However, little is known of their mucosal immune responses. Infection alone accounts for a minority of cases: bacterial pathogens were isolated in Ͻ12% in one Keneba study, and viruses were detected more frequently in nondiarrheal control subjects (6) . Small bowel bacterial overgrowth and Giardia lamblia infection are found in Ͼ80% of rural Gambian infants, but neither correlates with growth or gut permeability (1, 14) .
Evidence that raised permeability may directly cause small bowel inflammation was provided by an important murine study, in which targeted disruption of epithelial cadherins induced severe T cell-mediated enteropathy, with foci of T cell activation around leaky crypt epithelium (15) . Other work has confirmed the central role of T cells in causing villous atrophy or eventually mucosal ulceration through tumor necrosis factor-␣ (TNF-␣)-mediated matrix degradation (16 -19) . The pattern of T cell cytokine production is critical in determining whether such mucosal inflammation occurs. In particular, the role of regulatory lymphocytes producing transforming growth factor-␤ (TGF-␤; ϪT H 3 cells) and IL-10 (Tr1 cells) is recognized to be of central importance in preventing gut inflammation in response to luminal bacterial challenge (20 -22) . The aims of this study thus were to correlate nutritional status and intestinal permeability in rural Gambian infants with small bowel morphometry, lymphocyte density and the balance between proinflammatory and regulatory cytokine-producing cells, and to compare with U.K. controls.
METHODS

Study design.
The study was conducted at the Medical Research Council Tropical Medical Research Unit, Fajara, and the WEC mission hospital, Sibanor. The study was approved by the joint Gambian Government/Medical Research Council Ethical Committee for medical research. Children were recruited from clinics or hospital wards and were grouped as follows, based on U.K. 1990 growth standards (Table 1) : 1) Normal (weight-for-age z score, Ϫ2): investigated for gastrointestinal symptoms, e.g. abdominal pain or vomiting, but relatively well nourished and without diarrhea; 2) grade 1 protein energy malnutrition (PEM; weight-for-age z score, Ϫ2 to Ϫ4): unresponsive to nutritional supplementation, losing weight; and 3) grade 2 PEM (weight-for-age z score ϽϪ4): severely malnourished with marasmus and/or kwashiorkor.
Informed consent for endoscopy and small bowel biopsy was obtained from parents by a trained field worker. Forty children were recruited and underwent endoscopy under i.v. sedation. All tolerated this without complications. Biopsies were taken into formal saline for histology and liquid nitrogen for immunohistochemistry.
Body weight was measured by Secca baby scale and length was measured by Harpenden stadiometer by trained staff using standard techniques. Stool cultures were available on 90%, all negative for Campylobacter, Shigella, and Salmonella species, although microscopy revealed Giardia in two cases and Ascaris lumbricoides in one case. The parents of all children with PEM were counseled, and the children were screened for HIV antibodies. All were negative, consistent with the low HIV prevalence in The Gambia (6) . Three patients had recent malaria, two had lower respiratory tract infection, and one had dysentery (microscopy and culture negative).
U.K. control subjects. Specimens were recruited from agematched children investigated at the Royal Free Hospital. All were younger than 3 y and above the third centile for weight. They were endoscoped for vomiting or possible enteropathy, but all investigations were normal and no gastroenterologic diagnosis eventually was made.
Intestinal permeability. Intestinal permeability was performed as described previously (8, 11) . Urine was collected over 5 h after a standard dose of L:M mixture, and urinary concentrations were determined by automated enzyme assay.
Quantification of staining. All quantification, for both morphometry and immunohistochemistry, was performed blinded by the first author. U.K. and Gambian samples were treated in the same laboratory using the same techniques. The data were then compared cross-sectionally with measures of nutritional status and intestinal permeability.
Morphometric analysis. Measurement of villous height and crypt depth was performed as previously described (23) . Wellorientated crypt-villous units were measured (ϫ400 magnification) using Imagan 2 software (Kompira, U.K.). An average was obtained from 10 crypt-villus units for each biopsy. Intraepithelial lymphocyte (IEL) numbers were counted within surface epithelium at magnification ϫ1000. At least 500 epithelial cells were counted, and the final IEL density was expressed per 100 epithelial cells.
Immunohistochemical analysis. Avidin-biotin immunohistochemistry was performed on 7-m frozen sections. Optimal dilutions had been determined previously on sections of tonsil, spleen, small intestine, and colon (Table 2) , and nonprimary (24) . This was also seen in U.K. controls and probably reflects the complex cytokine-rich environment within the intestinal mucosa (22, 25) . Preincubation with heparinase II or chondroitinase ABC removed most of the matrixassociated cytokine (19) but disrupted tissue morphology, and therefore sections were not pretreated in this way. Immunoreactive cell density was determined using a standard eyepiece graticule and stage micrometer, scoring as positive only cells of mononuclear morphology with clear cytoplasmic staining. Specific IEL subtypes (perforin ϩ or ␥␦ ϩ ) were counted as above.
Statistical analysis. Continuous variables were logtransformed when distributed nonparametrically. Comparison between continuous variables was made using linear regression after checking that a scatterplot demonstrated a true relationship between response and predictor variables.
Height-and weight-for-age were expressed as z scores, relative to 1990 U.K. standards. The effect of age on mucosal morphometry, immunohistochemical findings, and permeability was nonsignificant by regression analysis. Further calculations were therefore not age-corrected. Comparison of medians was performed using the Mann-Whitney U test. Data Desk 6.0 software was used.
RESULTS
All Gambian children, regardless of nutritional status, showed significant enteropathy. Comparison of mean villous height and crypt depth with established values for European or privileged Brazilian children (2) confirmed that all groups had crypt-hyperplastic villous atrophy. However, the degree of morphometric abnormality alone did not correlate with current nutritional status (p ϭ 0.7; Table 3 ). No significant differences between groups were seen for any morphometric parameter, and there was no correlation with the presence of diarrhea. The median IEL count was 40%, within the range characteristic of celiac disease (26) .
Mucosal lymphocyte populations. Representative staining is shown in Fig. 1 . The density of CD3 ϩ T cells within the lamina propria was four to five times higher in Gambian children than in U.K. control subjects (Table 4) 
07). CD25
ϩ density was 15-30 times higher than in U.K. control subjects. However, in contrast to overall T cell numbers, CD25
ϩ cells fell with worsening malnutrition (CD25 cells/mm 2 against height z score, r ϭ Ϫ0.51, p Ͻ 0.04).
Mean IELs were Ͼ2 SD above U.K. normals, including ␥␦ cells well above normal U.K. values of approximately 10% (27) , with higher numbers seen in more malnourished children (Table 4) . By contrast, expression of the cytotoxic granule perforin, characteristic of activated cytotoxic lymphocytes, although increased in all groups, was lower in the more malnourished. Further evidence of epithelial activation was demonstrated by strong expression of HLA-DR on crypt epithelium in all groups. Lamina propria CD19 ϩ B cells were two to three times denser in Gambian children than in U.K. control subjects, whereas mature plasma cells (syndecan-1 ϩ ) were at least 25-30 times higher. In contrast to T cells, the density of both B and plasma cells decreased with worsening nutritional status, although these trends did not reach statistical significance.
Cytokine immunoreactivity. The distribution of mucosal cytokine immunoreactivity in the 34 Gambian children with sufficient frozen tissue was broadly similar to the U.K. children, although epithelial staining tended to be stronger. Background staining was higher than for lineage markers, and density counting, although performed blinded, was necessarily less precise. Overall, we found that all Gambian groups (Fig. 1) . There was no evidence of similar reduction in the density of TNF-␣ ϩ , IFN-␥ ϩ , or IL-10 ϩ cells. The relatively well-nourished Gambian control subjects thus showed a ratio of regulatory (TGF-␤ ϩ IL-10) to proinflammatory (IFN-␥ ϩ TNF-␣) cytokine cell density of approximately 3:1, compared with a reversed ratio of Ͻ1:1 in those at the extreme end of grade 2 PEM, i.e. with more proinflammatory than regulatory lymphocytes.
Intestinal permeability. Small intestinal permeability was substantially higher in the Gambian infants than in U.K. control subjects, as previously reported (11) (Table 5 ). However, there was no overall relationship between nutritional status and L:M ratio or with percentage recoveries of lactulose and mannitol. By contrast, there were significant relationships between mucosal B lymphocyte density (r ϭ 0.57, p Ͻ 0.05) and both IEL (r ϭ 0.51, p Ͻ 0.02) and perforin ϩ IEL (r ϭ Ϫ0.64, p Ͻ 0.03) numbers and the L:M ratio.
DISCUSSION
This study demonstrated that Gambian children have evidence of a cell-mediated enteropathy, across a range of nutritional states. Although a recent study reported cell-mediated inflammation associated with tropical enteropathy (28) , this is the first study of its kind in children that has specifically studied markers of cell-mediated inflammation and proinflammatory cytokines.
The ability to study enteropathy in African children without malnutrition or diarrhea is limited for clear ethical reasons. In the course of clinical practice, a number of children who had chronic abdominal pain (thus not ideal controls) were able to be studied, providing a limited insight into enteropathy in otherwise well children. Their L:M ratios, however, were similar to previously reported asymptomatic Gambian children (11) . Compared with developed-world children (2, 4, 22, 26) , crypt-hyperplastic villous atrophy was found across the spectrum of nutritional states. Such morphometric changes are seen in many diseases caused by mucosal T cell activation, such as celiac disease (22) . Morphometry did not differentiate between well and severely malnourished children, as previously reported (8) . Thus, tropical enteropathy and malnutritionassociated enteropathy may represent a continuum rather than distinct conditions. Worsening nutritional status produced consistent changes. CD3, CD4, and CD8 cells increased in the lamina propria, as did ␥␦ ϩ IELs, whereas cells expressing CD25 or producing cytokines declined in severe PEM.
Mucosal proinflammatory cytokines were elevated in this study, despite stool culture and microscopy showing no evidence of clear parasites and common bacterial pathogens. However, we could not absolutely exclude the presence of all pathogenic organisms, such as pathogenic Escherichia coli strains. Similar upregulation of TNF-␣ or IFN-␥ may be seen in a variety of inflammatory small bowel conditions such as Crohn's disease and celiac disease (29, 30) . We localized cytokines at the protein but not mRNA level and recognize that additional methods of studying cytokine mRNA production will be needed in future studies to confirm these changes in severe malnutrition. Significant clinical and logistical difficulties prevented this in the current study. Multiple biopsies from such ill children were not regarded as ethically acceptable. We recognize the difficulties in precise quantification of cytokine production by immunohistochemistry and the need to optimize staining on a variety of tissues. In addition, identification of cells on morphologic grounds, without simultaneous lineage marker staining, makes formal confirmation of lymphocyte status uncertain. With these reservations, we noted a seemingly consistent trend in reduction of regulatory cytokine expression with worsening malnutrition, together with a decrease in the number of activated CD25 ϩ cells. Although the role of T cells in enteropathy is well established (16 -18, 31) , there has been recent recognition of the importance of regulatory cytokines (20 -22) . Transfer of cells that produce TGF-␤ or IL-10 prevents murine colitis, whereas deficiency of either cytokine causes mucosal inflammation (20 -22, 32-35) . Tolerance to low-dose dietary antigen is actively mediated by TGF-␤-producing T H 3 cells (22, 36) , whereas high-dose tolerance is thought to be due to T cell anergy after epithelial antigen presentation (22, 35, 36) . In addition, CD4ϩCD25ϩ cells have recently been demonstrated to have potent regulatory functions (37) , and it thus is notable that there was reduction in CD25 cells with worsening nutritional status. Tolerance can be broken by pathogens either by induced IL-12 expression, causing deviation of Peyer's patch responses toward T H 1 (34, 35) , or by disruption of the epithelial barrier, allowing passage of intact antigen to subepithelial antigen presenting cells (22, 38, 39) .
This study demonstrated increased permeability and seeming dominance of IFN-␥ over TGF-␤ in marasmus, both of which could undermine oral tolerance. IFN-␥ not only blocks TGF-␤ signaling (40) but also induces epithelial leakiness (41) , although this latter effect is opposed by TGF-␤ (42) and IL-10 (43). We suggest that a vicious circle may become established, whereby pathogens break oral tolerance by disruption of the epithelial barrier and the consequent dominance of IFN-␥ over TGF-␤ maintains epithelial leakiness while intake of the sensitizing antigen(s) continues. There is evidence from marasmic Gambian children that such a process does occur, as nutritional rehabilitation actually increases paracellular permeability (8) . If confirmed in further studies, then these findings may explain the link between gut leakiness and mucosal inflammation in tropical children as a progressive breakdown in oral tolerance mechanisms as marasmus develops. Reports from other developing countries confirm sensitization to cow milk and soya (44, 45) . If this response occurs in malnourished children from other countries, then they may be at increased risk of developing food-sensitive enteropathy to a variety of macromolecules.
We have shown a T H 1-type enteropathy in relatively small numbers of malnourished Gambian children, although their histologic and permeability findings suggest a broader applicability. Little is known of the cellular inflammatory events that occur in the intestinal mucosa in severe tropical malnutrition, despite its being a common syndrome, attended with unacceptably high mortality rates [30 -40% (2, 3)] and frequent relapse. Management issues are being addressed by the World Health Organization Integrated Child Health Program. The situation of the child with severe persistent diarrhea and PEM needs further consideration. Although the majority of children respond to cautious rehydration and nutritional rehabilitation, a proportion will continue with intractable diarrhea despite the use of a hypoallergenic diet such as comminuted chicken. Further understanding of the enteropathy in these children is critical to improve outcome.
